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tion potency agreed well with observed tumor
incidence in the oral bicassays. This correspon-
dence across routes based on metabolized dose
contrasted with the apparently higher potency of
VC by the oral route when the comparison was
based on ‘inhaled’ vs. ‘ingested’ dose in mil-
ligrams per kilogram per day.

Chen and Blancato (1989) also used the PBPK
model to calculate the human inhalation potency
for VC-induced liver cancer based on epidemio-
logical data (Fox and Collier, 1977). Using the
same pharmacokinetic dose measure (mg metabo-
lized kg™! day™'), the inhalation potency esti-
mated from epidemiological data (3.8 x 107?
ppm~') was essentially identical to the potency
estimated from rat inhalation data (1.7-3.7 x 1072
ppm '), using body weight scaling (i.e. without
applying the BSA adjustment). However, a sec-
ond, more complicated comparison performed in
the same analysis, which involved time-to-tumor
modeling, suggested that the BSA adjustment
might be necessary to accurately predict lifetime-
exposure human cancer fatality from animal inci-
dence data.

More recently, a PBPK model of VC was devel-
oped by Reitz et al. (1996) and applied to com-
pare cancer potency in mice, rats, and humans.
The structure of the model was similar to that of
Chen and Blancato (1989), providing a descrip-
tion of parent chemical kinetics and total
metabolism based on the styrene model of Ram-
sey and Andersen (1984). Metabolism of VC was
modeled with a single saturable pathway, and the
kinetic constants were estimated from fitting of
closed chamber gas uptake studies with rats. The
mode! was then validated against data on total
metabolism in the rat (Watanabe et al,, 1976b),
gas uptake data in the mouse, and inhalation data
in the human (Baretta et al., 1969). The model
was used to calculate total metabolism of VC as
the dose metric in a carcinogenic risk assessment.
Based on the rat inhalation bicassay of Maitoni
et al. (1981, 1984), and using the linearized multi-
stage model, they estimated that lifetime continu-
ous human exposure to 1.75 ug/m* VC is associ-
ated with an increased lifetime risk of one in a
million. This estimate equates to a lifetime risk of
approximately 1.5 X 10”* ppm™!, in good agree-

ment with the results of Chen and Blancato (1989).
The potency estimates from rats were then shown
to be consistent with tumor incidence data in
mice and humans when the pharmacokinetic dose
metric was used.

2. Pharmacokinetics and metabolism of VC

Numerous studies on the pharmacokinetics and
metabolism of VC have been conducted, with the
majority of these studies conducted in rats
(Withey, 1976; Hefner et al, 1975; Guengerich
and Watanabe, 1979; Bolt et al., 1976, 1977,
Watanabe et al., 1976a,b, 1978, Jedrychowski et
al., 1984, 1985; Tarkowski et al.,, 1980). A simpli-
fied diagram of the metabolism of VC is shown in
Fig. 1. The primary route of metabolism of VC is
by the action of the mixed function oxidase (MFO)
system, now referred to as Cytochrome P450 or
CYP, on VC to form chloroethylene oxide (Bolt
et al.,, 1977; Plugge and Safe, 1977). Chloroethy-
lene oxide (CEQ) is a highly reactive, short-lived
epoxide that rapidly rearranges to form
chloroacetaldehyde (CAA), a reactive «-halo-
carbonyl compound; this conversion can also be
catalyzed by epoxide hydrolase (Pessayre et al.,
1979).

The main detoxification of these two meta-
bolites is conjugation binding with glutathione
(Jedrychowski et al., 1985; Leibman, 1977;
Tarkowski et al., 1980). This hypothesis is sup-
ported by the observation of decreased non-pro-
tein sulfhydryl concentrations at high VC expo-
sure concentrations (Jedrychowski et al., 1985;
Tarkowski et al., 1980}, as well as by the excretion
of glutathione (GSH) conjugated metabolites in
the urine, observed in rats following exposure to
VC (Watanabe et al., 1976¢; Hefner et al, 1975).
CAA may also combine directly or enzymatically
via glutathione transferase (GST) with GSH to
form S-formylmethylglutathione. The GSH con-
jugates are then subject to hydrolysis resulting in
excretion of cysteine conjugates in the urine
(Hefner et al, 1975). Two of the three major
urinary metabolites of VC in rats have been iden-
tified as N-acetyl-S-(2-hydroxyethybeysteine and
thiodiglycolic acid (Watanabe et al., 1976b).
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Fig. 1. Diagram of the metabolism of vinyl chloride (VC). Abbreviations: P450, Cytochrome P450 (CYP); GSH, glutathione.

Based on the elimination of VC observed fol-
lowing administration by various routes of expo-
sure, the metabolism of VC appears to be a
dose-dependent, saturable process (Green and
Hathway, 1975; Bolt, 1978; Hefner et al, 1975;
Gehring et al., 1977, 1978). Following exposure
via oral or inhalation routes to low doses of VC,
metabolites are excreted primarily in the urine.
However, once the saturation point for
metabolism is reached, VC is eliminated via other
routes, primarily exhalation of the parent com-
pound (Gehring et al, 1977, Watanabe et al,
1976b; Watanabe and Gehring, 1976). The route
of elimination of VC also depends on the route of
administration, with urinary excretion favored
more following oral or intraperitoneal administra-
tion, indicating a first-pass effect due to liver
metabolism (Bolt, 1978).

The specific isozymes of the P450 system in-
volved in the metabolism of VC have not yet becn
unequivocally established. However, it is clear
from both in vitro and in vivo studies that several
isozymes can play a role. High affinity, low capac-
ity oxidation by CYP 2E1 is probably responsible
for essentially the entire metabolism of VC at low
concentrations in uninduced animals and humans
(Guengerich et al, 1991). There is also evidence
for a significant increase in metabolism in animals
pretreated with phenobarbital (Ivanetich et al,

1977), suggesting that CYP 2B1 also metabolize
VC. At high concentrations in vivo, the
metabolism of VC in rats leads to a destruction of
P450 enzyme (Reynolds et al., 1975), which is
greatly enhanced in phenobarbital — or Arochlor
— induced animals (Arochlor induces CYP 1A2).
The loss of P450 has been suggested to result
from the production of reactive intermediates
during the metabolism of VC (Guengerich and
Strickland, 1977), and is inhibited by GSH in vitro
(Ivanetich et al,, 1977). Induction of P450 by
phenobarbital or Arochlor was also necessary 10
produce acute hepatotoxicity from VC in rats
(Jaeger et al., 1977).

The contribution of several P450 isozymes to
the metabolism of the related compound
trichloroethylene has been studied in the male
Wistar rat and male B6C3F1 mouse (Nakajima et
al., 1993). Using monoclonal antibodies specific to
each isozyme, the investigators were able to de-
termine that: (1) CYP2E1 coniributes more to
the metabolism of TCE in mice than in rats; (2)
CYP2C11 /6 contributes more to the metabolism
of TCE in rats than in mice (CYP2C11/6 is a
comstitutive, non-inducible isozyme present only
in male rodents); (3) CYP1Al/2 contributes to
the uninduced metabolism of TCE in mice but
not in rats; and (4) CYP2B1 does not contribute
to the metabolism of TCE in naive animals of
either species,
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Summarizing the above observations, it appears
that at low concentrations the metabolism of VC
is primarily due to CYP2EL, but that at higher
concentrations, where CYP2El becomes capac-
ity-limited, other isozymes may contribute to its
metabolism. The extent of this higher-capacity
metabolism is likely to vary across animal species,
strain, and sex. To the extent that such higher
capacity, lower affinity metabolism (referred to in
future as ‘non-2ZE1’ metabolism) may be impor-
tant in conducting a risk assessment for VC, it
will have to be characterized separately for each
species, strain, and sex of interest. From a phar-
macokinetic modeling perspective, non-2El
metabolism would be handled as a second sat-
urable metabolic pathway with a larger value for
the Michaelis-Menten constant (KM). For exam-
ple, it has been demonstrated that the metabolism
of the related compound, vinyl bromide, is best
described with two distinct saturable pathways
having different affinities (Gargas and Andersen,
1982). Of major importance for human risk as-
sessment, some of the low-affinity, high capacity
constitutive (2C11/6) and inducible (2B1 /2) P450
isozymes in the rodent may have no human corre-
spondents (Guengerich, 1987).

2.1. Pharmacokinetic modeling of VC

The pharmacokinetic models that have previ-
ously been used in risk assessments for VC
(Gehring et al., 1978; Chen and Blancato, 1989;
Reitz et al, 1996) have in common the assump-
tion of a single saturable pathway for the
metabolism of VC. However, another published
model of VC (Gargas et al., 1990) differed from
the models discussed above by the incorporation
of a second, linear metabolic pathway (presumed
by the authors to be GSH conjugation) in parallel
with the saturable (oxidative) pathway. Based on
gas uptake studies in the male F344 rat, both a
saturable and a linear metabolic component were
postulated for VC.

These alternative descriptions of metabolism in
the published models of VC were examined in a
more in-depth study of VC pharmacokinetics per-
formed for the US Air Force by several of the

present authors (Clement International, 1990).
The one- and two-pathway descriptions were refit
to gas uptake data and then compared with mea-
surements of total metabolism by Gehring et al.
(1978) and Watanabe et al. (1976b). Although the
two-pathway description provided a significantly
better fit to the gas uptake data (adding parame-
ters nearly always improves a fit), the result-
ing parameters tended to overpredict total
metabolism at higher concentrations owing to the
presence of the first-order component. In addi-
tion, it was not possible to explain the continued
increase in glutathione (GSH) depletion mea-
sured at the highest exposure levels (where the
saturable component was above saturation) be-
cause only products of the oxidative metabolism
of VC have been shown to react with GSH. In an
attempt to provide a better correspondence to the
data on both total metabolism and glutathione
depletion, two possible refinements to the model
were investigated. In the first, direct reaction of
VC with GSH was postulated, and in the second,
the products of both the saturable and the linear
pathways were assumed to react with GSH. Un-
fortunately, neither description was able to pro-
vide a satisfactory correspondence to both total
metabolism and GSH depletion data. The analy-
sis suggested that a different formulation featur-
ing two saturable oxidative pathways, both pro-
ducing reactive metabolites, provided the re-
quired behavior.

The PBPK models previously used to conduct a
human risk assessment for VC (Chen and Blan-
cato, 1989; Reitz et al, 1996) certainly provide a
more biologically plausible basis for estimating
human carcinogenic risk than default measures of
VC exposure. However, a 2-saturable pathway
model structure would have the potential advan-
tage of being able to reproduce experimental data
on both total metabolism and GSH depletion,
based on a reasopnable hypothesis: only saturable
oxidative metabolism is involved (no other
metabolic pathway for VC has been demon-
strated), and only products of oxidative
metabolism react with GSH (neither direct reac-
tion nor GST-mediated conjugation of VC with
GSH has been demonstrated). This metabolic hy-
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pothesis formed the basis for the model develop-
ment conducted in this study. The model, which
will be described in more detail later, is similar to
the PBPK model developed by D’Souza and An-
dersen (1988) to describe vinylidine chloride
(VDO kinetics and toxicity, including the deple-
tion of GSH by the products of VDC metabolism.
The chief difference is the use of two saturable
pathways instead of one to describe metabolism.
The use of a low affinity pathway in parallel with
the high affinity pathway is necessary to provide
the continued increases in total metabolism and
GSH depletion observed with VC in rats.

3. Mechanism of carcinogenicity of VC

Many of the results of the pharmacokinetic and
metabolism studies discussed above indicate that
like other chlorinated alkenes, VC must be me-
tabolized to cause carcinogenicity (Bartsch and
Montesano, 1975). A reactive, short-lived
metabolite, which achieves oaly low steady-state
concentrations, is thought to be responsible for
the toxic effects of VC (Bolt, 1978). That the
toxicity of VC is mediated by the production of
reactive metabolites is suggested by the results of
in vitro studies in which enhanced mutagenicity
was observed if microsomal enzymes of fortified
liver homogenates were present (Bartsch et al,
1975; Malaveille et al., 1975, Rannug et al., 1974).
The rapid elimination of VC and its major
metabolites is also consistent with the theory that
a shortly lived, reactive metabolite occurring at
concentrations too low for direct observation
could be responsible for the carcinogenicity of
VC (Bolt et al., 1977).

It has long been a tenet of carcinogenic risk
assessment that the mechanism of carcinogenicity
for ‘genotoxic’ carcinogens (sometimes referred
to as initiators) involves reaction with DNA, lead-
ing to mistranscription during subsequent cell di-
vision, causing a loss or change in heritable infor-
mation which results in a neoplastic daughter cell
(Van Duuren, 1988; Singer, 1985). The in vivo
formation of four etheno-DNA adducts has been
demonstrated following exposure of animals to
VC (Laib, 1986; Fedtke et al., 1990; Dosanjh et

02

al., 1994):; I,N *-ethenoguanine (1,N2-EG);
N?3-ethenoguanine (N?3-EG); |,N°-etheno-2'-
deoxyadenosine (EDA), and 3,N*-etheno-2'-de-
oxycytidine (EDC). These ethenc-adducts are
highly persistent (Swenberg et al,, 1992) and can
lead to defective transcription (Singer et al., 1987);
for example, EG produces a base pair mismatch
(G — > A transition) in bacterial assays (Cheng et
al,, 1991). Single-strand breaks (SSBs) have been
detected in liver DNA following inhalation expo-
sure of mice to VC (Walles et al, 1988). (It is
generally assumed that SSBs represent an inter-
mediate stage in the excision repair of DNA
adducts.) The occurrence of SSBs reached a maxi-
mum at exposures of 500 ppm, consistent with
saturation of metabolism. It was found that 20%
of the SSBs remained after 20 h.

Although there is strong circumstantial evi-
dence linking etheno-DNA adducts with the
observed carcinogenicity of VC, there is not vet
sufficient information to provide a quantitative
link between the tissue concentrations of a speci-
fic adduct and the risk of cancer in that tissue.
The ratio of the concentrations of the various
etheno-adduets in the rat is only marginally con-
sistent across tissues and studies (Fedtke et al.,
1990; Swenberg et al., 1992), and there are no
data on relative adduct levels in VC-exposed hu-
mans. Amount of metabolism would still appear
to provide the best dose metric for comparison
with tumor incidence.

3.1. Selection of a risk assessment approach

Based on the information described above on
the pharmacokinetics, metabolism, and mecha-
nism of carcinogenicity of VC, it is necessary to
determine the appropriate approach for conduct-
ing a human risk assessment. Clearly, the evi-
dence is strong that the carcinogenicity of VC is
related to the production of reactive metabolic
intermediates. The most appropriate pharmaco-
kinetic dose metric for a reactive metabolite is
the total amount of the metabolite generated
divided by the volume of the tissue into which it is
produced (Andersen et al., 1987a). In the case of
VC, reasonable dose metrics for angiosarcoma
would include the total amount of metabolism
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divided by the volume of the liver (RISK), or the
total amount of metabolismm not detoxified by
reaction with glutathione, again divided by the
volume of the liver (RISKM). A third, less likely
possibility, that the GSH conjugate of VC is sub-
sequently metabolized to a reactive species which
is responsible for the carcinogenicity, can also be
considered by using a dose metric based on the
total amount of reaction with GSH divided by the
volume of the liver (RISKG). The assumption
underlying the use of these dose metrics is that
the concentration of the actual carcinogenic
moicty, or the extent of the crucial event associ-
ated with the cellular transformation, is linearly
related to this pseudo-concentration of reactive
intermediates, and that the relationship of the
actual carcinogenic moiety or crucial event to the
dose metric is constant across concentration and
species. Specifically, the average amount genef-
ated in a single day is used, averaged over the
lifetime (i.e. the lifetime average daily dose, or
LADD). The use of a dose rate, such as the
LADD, rather than total lifetime dose, has been
found empirically to provide a better cross-species
extrapolation of chemical carcinogenic potency
(USEPA, 1992).

Subsequent steps in the carcinogenic mecha-
nism related to specific adduct formation, detec-
tion, and repair, as well as to the consequences of
DNA mistranscription and the potential impact of
increased cell proliferation, have only been
sketchily outlined and have not yet reached the
point where they could be incorporated into a
risk assessment in any quantitative form. How-
ever, there appears to be sutficient evidence to
justity the assumption that VC acts as a classic
initiator, producing genetic transformations
through direct reaction of its metabolites with
DNA. Therefore, the traditional assumption of
low-dose linearity of risk appears to be warranted,
and the linearized multistage (LMS) model would
seem to be the most appropriate for low-dose
extrapolation.

4. Description of PBPK model for VC

The PBPK model for VC developed in this

study is shown in Fig. 2. As mentioned earlier, the
model 1s basically an adaptation of a previously
developed PBPK model for vinylidene chloride
(D'Souza and Andersen, 1988). For a poorly solu-
ble, volatile chemical like VC, only four tissue
compartments are required: a richly perfused tis-
sue compartment which includes all of the organs
except the liver; a slowly perfused tissue compart-
ment which includes all of the muscle and skin
tissue; a fat compartment which includes all of
the fatty tissues; and a liver compartment. All
metabolism is assumed to occur in the liver, which
is a good assumption in terms of the overall
kinetics of VC, but which would have to be re-
vised to include target-tissue-specific metabolism
it a serious attempt were to be made to perform a
VC risk assessment for a tissue other than the
liver (Andersen et al, 1987a). The model also
assumes flow-limited kinetics, or venous equili-
bration; that is, that the transport of VC between
blood and tissues is fast enough for steady state
to be reached within the time it is transported
through the tissues in the blood.

Metabolism of VC is modeled by two saturable
pathways, one high affinity, low capacity (with
parameters VMAXIC and KM1) and one low
affinity, high capacity (with parameters VMAX2C
and KM2). Subsequent metabolism is based on
the metabolic scheme shown in Fig. 1: the reac-
tive metabotites (whether CEQ, CAA, or other
intermediates) may then either be metabolized
further, leading to CO,, react with GSH, or react
with other cellular materials, including DNA. Be-
cause exposure to VC has been shown to deplete
circulating levels of GSH, a simple description of
GSH kinetics was also included in the model.

The parameters for the model are listed in
Tables 1 and 2. The physiological parameters are
EPA reference values (USEPA, 1988), except for
the alveolar ventilation (QPC) in the human,
which was calculated from the standard EPA
value for the ventilation rate in the human, 20 m’
day™!, assuming a 33% pulmonary dead-space
(USEPA, 1988). The value for the cardiac output
(QCC} in the human was selected to correspond
to the same workload as the standard EPA venti-
lation using data from Astrand and Rodahl (1970).
For modeling of the closed chamber studies with
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Fig. 2. Diagram of the PBPK model of VC. Abbreviations: QP, alveolar ventilation; Cl, inhaled concentration; CX, exhaled
concentration; QC, cardiac output; QF, CVF-blood flow to, and venous concentration leaving, the fat; OR, CVR, blood flow to, and
venous concentration leaving, the richly perfused tissues (most organs); QS, CVS, blood flow to, and venous concentration leaving,
the slowly perfused tissues (e.g. muscle); QL, CVL, blood flow to, and venous concentration leaving, the liver; VMAX1,KM1,
capacity and affinity for the high affinity oxidative pathway enzyme (CYP 2E1); VMAX2 KM2, capacity and affinity for the lower
affinity oxidative pathway enzymes, (e.g. CYP 2C11/6); KZER, zero-order rate constant for uptake of VC from drinking water; KA,
first-order rate constant for uptake of VC from corn oil; KCO2, first-order rate constant for metabolism of VC to CO,; KGSM,
first-order rate constant for reaction of VC metabolites with GSH, KFEE, first-order rate constant for reaction of VC metabolites
with other cellular materials, including DNA; KB, first-order rate constant for normal turnover of GSH; KO, zero-order rate
constant for maximum production of GSH; KS-parameter controlling rate of recovery of GSH from depletion.

human subjects, more typical resting values of 15
for cardiac output (QCC) and 18 for alveolar
ventilation (QPC) were used. In some cases, it
was also necessary to slightly vary the alveolar
ventilation and cardiac output of the animals in
the closed chamber studies in order to obtain
acceptable simulations of those experiments. The
partition coefficients for Fisher-344 (F344) rats
were taken from Gargas et al. (1989), and those
for Sprague-Dawley rats were taken from Barton
et al. (1995). The Sprague-Dawley values were
also used for modeling of Wistar rats. Blood /air
partition coetficients for the other species were
obtained from Gargas et al. (1989), and the corre-
sponding tissue /blood partition coefficients were
estimated by dividing the Sprague-Dawley rat

tissue /air partition coefficients by the appropri-
ate blood /air value.

The affinity for the 2El pathway (KM1) in the
rat, mouse, and hamster was set to 0.1 on the
basis of studies of the competitive interactions
between CYP2E1 substrates in the rat (Barton et
al., 1995; Andersen et al, 1987b). The affinity
used for the non-2E1 pathway (KM2) in the mouse
and rat was set during the iterative fitting of the
rat total metabolism, glutathione depletion, and
rate of metabolism data, described below. The
capacity parameters for the two oxidative path-
ways (VMAX1IC and VMAX2C) in the mouse,
rat, and hamster were estimated by fitting the
model to data from closed-chamber exposures
with each of the species and strains of interest
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(Barton et al., 1995; Bolt et al., 1977; Clement
International, 1990; Gargas et al., 1990), holding
all of the other model parameters fixed and re-
quiring a single pair of values for VMAXI1C and
VMAX2C to be used for all of the data on a
given sex/strain/species. Figs. 3 and 4 show ex-
amples of the results of this fitting process for the
male B6C3F1 mouse and male Wistar rat, respec-

tively.

Initial estimates for the subsequent metabolism
of the reactive metabolites and for the glu-

Table 1

Model parameters and dose metrics for the vinyl chloride model

tathione submodel in the rat were taken from the
model for vinylidene chloride (D'Souza and An-
dersen, 1988). These parameter estimates, along
with the estimates for VMAX2C and KM2Z, were
then refined for the case of VC in the
Sprague-Dawley rat using an iterative fitting
process which included the closed chamber data
for the Sprague-Dawley and Wistar rat (Barton
et al., 1995; Bolt et al,, 1977, Clement Internatio-
nal, 1990) along with data on glutathione deple-
tion (Jedrychowski et al., 1985; Watanabe et al.,

Mouse (CV-%)" Rat (CV-%) Human (CV-%)
BW Body weight (kg) - = (11 70.0 (30)
QeC Alveolar ventilation 30.0 (58) 21.6(38) 24.0(16)
an ', 1 kg animal®)
Qce Cardiac output 1809 18.0(9) 16.5(9)
(th™", 1 kg animal®)
Tissue blood flows {fraction of cardiac output)
QRC Flow to rapidly perfused tissues 0.51 (50 0.51 (50) 0.5(20)
QFC Flow to fat 0.09 (60) 0.09 (60) 0.05 GO
QscC Flow to slowly perfused tissues (.15 (40) 0.15 (40) 0.19 (15)
QLC Flow to liver 0.25 (96) 0.25 (96) 0.26 (35)
Tissue volumes {(fraction of body weight)
VSC Volume of slowly perfused tissues 0.77 (30} 0.75 (30) 0.63 (30)
VEC Volume of fat - (30 ~ (30} 0.19 30)
VRC Volume of richly pertused tissues 0.035 (3 0.05 30 0.064 (10)
VLC Volume of liver 0.055 {6) 0.04 (6) 0.026 (5)
Partition coefficients
PB Blood /air 226 (15) 24(15) 1.16 (10
PF Fat/blood 10.62 (30) 10.0(30 20.7 (30)
Ps Slowly perfused tissue /blood 0.42 (20) 0.4 (20) 0.83 (20)
PR Richly perfused tissue /blood 0.74 20) 0.7020 1.45 (20)
PL. Liver/blood 0.74 (20) 0.7(20) 1.45 (20
Madel parameters and dose metrics for the vinyl chioride model Metabolic parameters
VMAX1IC  Maximum velocity of first saturable -2 - {20 4.0 (30
pathway (mg h™', 1 kg animal®)
KMi Affinity of first saturable pathway .1 (30) 0.1 (30) 1.06{50)
(mg1™h)
VMAX2C  Maximum velocity of second -(20) )] 0.1
saturable pathway
(mgh™', 1 kg animal®)
KM2 Affinity of second saturable pathway 10.0 (30) 10.0 30 10.0 (50)

(mg!™")
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Table 1 (Continued)
Mouse (CV-%) Rat (CV-%) Human {(CV-%)
GSH parameters
KCcoC First order CEO breakdown to CO, 1.6 (20 1.6 20 1.6 (20)
KGSMC . Conjugated rate constant with 0.13 20) 0.13 €20) 0.13 20)
metabolite
KFEEC Conjugated rate constant 350 Q0 35.0020) 35.0 20
with non-GSH
GSO Initial GSH concentration 5800.0 20 5800.0(20) 5800.0 (20)
KBC First order rate constant for 012 (2» 0.12 €20 0.12 (20)
(GSH breakdown
KS Counstant controlling resynthesis 2000.0 20 2000.0 20) 2000.0 (20)
KOC Zero order production of GSH 28.5 (20 28.5(20) 28.5(20)
Dosing pararmeiers
KA Oral uptake rate (h) 3.0 (50) 3.0(50) 3.00

*CV-%, coelficient of variation = 100 X §.D. /mean.
°Seg Table 2.
“Scaled by body weight raised to the 3/4 power.

1976¢), total metabolism (Gehring et al., 1978),
and CO, elimination (Watanabe and Gehring,
1976). Since this last data set was obtained for
oral dosing with VC in corn atl, a value for KA,
the oral uptake rate from corn oil, was estimated
from fitting of separate data on bloed concentra-
tions following dosing of rats with VC in corn oil
(Withey, 1976). The results of this iterative process
are illustrated in Figs. 4-8, and the resulting
parameters are listed in Tables 1 and 2. The
parameters obtained for the rat were used for the

Table 2
Strain /study-specific parameter values

other species with appropriate allometric scaling
(e.g. body weight to the —1/4 for the first order
rate constants).

Parameterization of the P450 metabolism path-
ways in the human was accomplished as follows.
There is no evidence of high capacity, low affinity
P450 metabolism for chlorinated ethylenes in the
human based on the ‘results of occupational ki-
netic studies for another chemical, TCE, there-
fore, VMAX2C in the human was set to zero. The
ratio of VMAXI1C to KM1 could be estimated by

BW VFC VMAXIC VMAXZC

Swiss albino mice Male 0.044 a3 8.0 0.1°
(inhalation study) Female 0.040 0.12 5.0 3.0
Sprague-Dawley rats Male - low dase 0.638 0.19 4.0 20
(inhalation study) Male ~ high dose 0.433 0.13 4.0 20
Female - low dose 0.485 0.20 3.0 0.1*

Female — high dose 0.321 0.14 3.0 0.1°

Sprague—-Dawley rats Male - low dose 0.632 0.19 4.0 2.0
(gavage study) Male - high dose 0.405 0.12 4.0 2.0
Female — low dose 0.445 0.18 30 0a*

Female ~ high dose 0.301 0.13 3.0 0.1°

Wistar rats Male 0.436 U.14 4.0 2.0
{dietary study) Female 0.245 0.11 3.0 01"

“The value of this parameter was normally set to zero. It was only set to 0.1 for the PBPK _SIM runs. The variance for this

parameter was set to zero in the PBPK __SIM runs.

ED_002855_00005464-00011



48 H.I. Clewell et al. / The Science of the Total Environment 274 (2001) 37-66

10000 5
]
El
=3
5 1000%
g
= !
g 4
o
g
O
b9
-
E 100 3
= 3
© ]
4 ® 340 ppm
1 W 525 ppm
4 1100 ppm
) © 3100 ppm
10 -+t e s A s
0 1 2 3 4 8 6

Hours

Fig. 3. Model predictions (lines) and experimental data (symbuois) for the chamber concentration during exposure of male B6C3F1
mice to VC in a closed, recirculated chamber (data taken from Clement International, 1990).
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Fig. 4. Model predictions {lines) and experimental data (symbols) for the chamber concentration during exposure of male Wistar
1ats o VO in a closed, recirculated chamber {data taken from Bolt et al., 1977},
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Fig. 5. Model-predicted (lines) and experimentally-determined (symbols) glutathione concentrations (as percent of control animal
levels} 0, 20, and 44 h following 4-h inhalation exposures to VC at concentrations of (top to bottom) 15, 50, 150, 300 and 15000

mg/m? (data taken from Jedrychowski et al., 1985).

fitting the model to data from closed chamber
studies with two human subjects (Buchter et al,
1978), in a manner entirely analogous to the
method used for the animal closed chamber anal-
ysis. The result of fitting the data on one of the
two subjects is shown by the upper curve in Fig.
94, and the model prediction using the value
estimated from this subject is compared with the
data from the second subject in Fig. 9b. The
precision of the estimate of VMAXI1C /KM1 can
be evaluated by a comparison of the two model
runs shown in these figures, for KM1 = 1.0 and
0.1. It can be seen that the ratio of
VMAX1IC/KM1 varies between the two subjects.
This variability of CYP2EI activity in the human
is not surprising; several studies have demon-
strated a variability of human CYP2E1 activity of
roughly an order of magnitude (Reitz et al., 1989;
Sabadie et al, 1980). Much lower variability s
observed in the inbred strains typically used in
animal studies; for example, the coefficient of
variation (standard deviation divided by the mean)

for CYPZEL activity in rats in one study of ro-
dents was only 14% (Sabadie et al,, 1980). The
wide variability in human CYPZ2E! activity is an
important consideration for estimating the poten-
tial difference between average population risk
and individual risk in a human cancer risk assess-
ment for materials like VC, whose carcinogenicity
depends on metabolic activation. The significance
of this variability was further evaluated using a
Monte Carlo analysis, which is discussed later in
this report, and is illustrated in Figs. 9 and 10.
In order to obtain separate estimates of
VMAXIC and KM in the human, a higher expo-
sure concentration closer to metabolic saturation
would be required. Fortunately, cross-species
scaling of CYP2E1 between rodents and humans
appears to follow allomeiric expectations for
metabolism very closely, i.¢. the metabolic capac-
ity scales approximately according to body weight
raised 1o the 3 /4 power (Andersen et al., 1987a).
Support for the application of this principal to
VC can be obtained from data on the metabolism
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Fig. 6. Model-predicted {lines) and experimentally-determined (symbols) glutathione concentrations (as percent of control animal
levels) immediately following 6-h inhalation exposures to VC (data taken from Watanabe et al., 1976c).

of VC in non-human primates (Buchter et al.,
1980). Based on data for the dose-dependent
metabolic elimination of VC in the rhesus
monkey, the maximum capacity for metabolism
can be estimated to be approximately 50 pmol
h~! kg~'. This equates to a VMAXIC (the allo-
metrically scaled constant used in the model) of
approximately 4 mg h™! for a 1-kg animal, a value
which is in the same range as those estimated for
the rodents from the closed chamber exposure
data. The similarity of VMAXIC in humans and
rats is also supported by an in vitro study, which
found the activity of human microsomes to be
84% of the activity of rat microsomes. Based on
these comparisons, the human VMAXIC was set
to the primate value and KM was calculated
using this value of VMAXIC and the ratio of
VMAXI1C /KMI1 obtained from the closed cham-
ber analysis. The ability of the resulting human
model to reproduce constant concentration in-
halation exposure data (Buchter et al., 1978) is
shown in Fig. 10a,b. From a comparison of the

model predictions for KM1 = 1.0 and 0.1, it can
be seen that the reproduction of parent chemical
concentrations in a constant concentration in-
halation exposure is not a particularly useful test
of the accuracy of the metabolism parameters in
a4 PBPK model of a volatile compound. Based on
the results of the Monte Carlo Analysis, the dis-
crepancies or agreement between the model and
the data are primarily due to details of the physi-
ological description of the individual, such as fat
content, ventilation rate, blood /air partition, etc.,
rather than rate of metabolism.

5. Comparison of risk estimates for human VC
inhalation

The model just described was used to calculate
each of the pharmacokinetic dose metrics for
angiosarcoma (RISK, RISKM, and RISKG) in the
most informative of the animal bioassays (Maltoni
et al., 1981, 1984; Maltoni and Cotti, 1988; Feron
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Fig. 7. Model-predicted (lines) and experimentally-determined (symbols) total amount metabolized during 6-h inhalation exposures
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Watanabe and Gehring, 1976).
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